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Olfactory receptors (ORs) are expressed not only in the sen-
sory neurons of the olfactory epithelium, where they detect vol-
atile substances, but also in various other tissues where their
potential functions are largely unknown. Here, we report the
physiological characterization of human OR51E2, also named
prostate-specific G-protein-coupled receptor (PSGR) due to its
reported up-regulation in prostate cancer.We identified andro-
stenone derivatives as ligands for the recombinant receptor.
PSGR can also be activated with the odorant �-ionone. Activa-
tion of the endogenous receptor in prostate cancer cells by the
identified ligands evoked an intracellular Ca2� increase. Expo-
sure to �-ionone resulted in the activation of members of the
MAPK family and inhibition of cell proliferation. Our data give
support to the hypothesis that because PSGR signaling could
reduce growth of prostate cancer cells, specific receptor ligands
might therefore be potential candidates for prostate cancer
treatment.

Excessive signaling by G-protein-coupled receptors (GPCRs)3
such as endothelin A receptor (1), bradykinin 1 receptor (2),
follicle-stimulating hormone receptor (3), and thrombin recep-
tor (4, 5) is known to occur in prostate cancers due to strong
overexpression of the respective receptors. Activation of some
of these GPCRs results in androgen-independent androgen
receptor activation, thus promoting the transition of prostate
cancer cells from an androgen-dependent to an androgen-in-
dependent state (6, 7).
The prostate-specific G-protein-coupled receptor (PSGR) is

a classAGPCR thatwas initially identified as a prostate-specific
tumor biomarker (8–10). It is specifically expressed in prostate
epithelial cells, and its expression increases significantly in

human prostate intraepithelial neoplasia and prostate tumors,
suggesting that PSGRmay play an important role in early pros-
tate cancer development and progression (9, 11). Although
expression of the human PSGR was found to be prostate-spe-
cific (10, 12), mRNA can also be detected in the olfactory zone
and the medulla oblongata of the human brain (12). Human
PSGR shares 93% amino acid homology to the respective
mouse and rat homologues, which are also expressed in the
brain (12). Interestingly, PSGR has numerous sequence
motifs in common with the large superfamily of olfactory
receptors (ORs), which build the largest class of human
GPCRs and allow the recognition of a wide range of struc-
turally diverse molecules in the nasal epithelium (13–15).
Recently, also the steroid hormones androstenone and
androstadienone were identified as OR ligands (16). In addi-
tion to their role in the sensory neurons of the nose, ORs
have been found in different tissues throughout the body (17,
18). Their function(s) in these extranasal locations are ques-
tionable except for in a few cases where functional studies
have been performed in spermatozoa (19, 20) and in entero-
chromaffin cells of the gastrointestinal tract (21).
Here, we report the identification of steroid ligands of heter-

ologously expressed PSGR and investigate the functional rele-
vance of PSGR expression in prostate tissue. Steroid hormones
elicited rapid Ca2� responses in the LNCaP prostate cancer cell
line and in primary human prostate epithelial cells. Moreover,
activated PSGR causes phosphorylation of p38 and stress-acti-
vated protein kinase/c-Jun NH2-terminal kinase (SAPK/JNK)
mitogen-activated protein kinases (MAPKs), resulting in
reduced proliferation rates in prostate cancer cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Reagents for cell culture use
were purchased from Invitrogen, unless stated otherwise.
HEK293 cells were maintained under standard conditions in
minimum Eagle’s medium supplemented with 10% fetal bovine
serum, 100 units/ml penicillin and streptomycin, and 2 mM
L-glutamine. LNCaP cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum and 100
units/ml penicillin and streptomycin. PC-3 cells were main-
tained in Ham’s F12/RPMI 1640 (1:1) supplemented with 10%
fetal bovine serum and 100 units/ml penicillin and streptomy-
cin. HEK293 cell transfections with the PSGR-containing plas-
mid were performed using a standard calcium phosphate pre-
cipitation technique; for siRNA experiments, LNCaP cells were
transiently transfected with either targeted or scrambled
siRNAs using Exgen 500 (Fermentas). 2 days after transfection,
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the growth medium was removed and replaced with standard
Ringer solution.
Prostate cancer epithelial cells were isolated from freshly

collected prostate tissue, which was obtained from radical
prostatectomy specimens (adenocarcinoma of the prostate
pT2c, pN0, Gleason score 4 � 4) after written consent. The
tissue pieces were minced to 1-mm3 pieces and digested for
30 min at 37 °C in Ringer solution containing 0.1% trypsin-
EDTA. The tissue was dissociated by trituration and washed,
and single cell suspensions were prepared by centrifugation
of the remaining tissue pieces. Cells were seeded in the
serum-free keratinocyte medium, supplemented with 50
ng/ml human recombinant epidermal growth factor 1–53
and 50 mg/ml bovine pituitary extract and kept at 37 °C in a
humidified incubator with 5% CO2. When they reached
70–80% confluence, the cells were trypsinized and subcul-
tured either in Petri dishes for Ca2�-imaging experiments or
in 96-well plates for cell proliferation. Cell morphology was
checked with Zeiss Axioskop 2 microscope and viewed with
�20 magnification.
Antibodies—The following primary antibodies were used: (a)

rabbit polyclonal antibodies against p44/42 MAPK and against
phosphorylated p44/42MAPK (New England Biolabs); (b) rab-
bit polyclonal antibodies against p38 MAPK and phosphoryla-
ted p38 MAPK (New England Biolabs); (c) rabbit polyclonal
antibodies against SAPK/JNK and phosphorylated SAPK/JNK
(New England Biolabs); and (d) rabbit polyclonal against PSGR
(Abcam). Secondary goat anti-rabbit antibodies conjugated to
horseradish peroxidase (Bio-Rad) or Alexa Fluor 546 or Alexa
Fluor 488 (Invitrogen) were used.
Western Blotting—LNCaP cells were treated with 500 mM

�-ionone for the indicated times, harvested, pelleted, and
homogenized in lysis buffer (50 mM Tris HCl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100) with protease inhibitors
(Roche Applied Science Complete� protease inhibitor mix-
ture). Sample aliquots of the cells were mixed with Laemmli
buffer (30% glycerol, 3% SDS, 125mMTris/Cl, pH 6.8), resolved
by 10% SDS-PAGE, and transferred to nitrocellulose
membrane (Protran; Schleicher & Schuell). The nitrocellulose
membranes were stained with Ponceau S (Sigma), blocked with
TBST (150 mM NaCl, 50 mM Tris-Cl, Tween 20, pH 7.4) con-
taining 5% nonfat dried milk (Bio-Rad), and incubated with
primary antibodies diluted in 3% drymilk in TBST. After wash-
ing and incubation with horseradish peroxidase-coupled sec-
ondary antibodies, detection was performed with ECL plus or
ECL Advance (Amersham Biosciences) on Hyperfilm ECL
(Amersham Biosciences).
Single Cell Ca2� Imaging—Cells were incubated (45 min/

37 °C) in Ringer solution containing 3 mM Fura-2-AM (Molec-
ular Probes). After removal of extracellular Fura-2, cells were
washed with extracellular solution. For the inhibitor experi-
ments, cells were treated with 10 �M flutamide (Sigma). Ratio-
fluorometric Ca2� imaging was performed as described using a
Zeiss inverted microscope equipped for ratiometric imaging.
Images were acquired from randomly selected fields of view,
and integrated fluorescence ratios (F340/F380 ratio) were meas-
ured. Exposure to odorants was accomplished using a special-
ized microcapillary application system. Odorants used were a

gift of Dr. T. Gerke (Henkel, Düsseldorf, Germany) and Dr. J.
Panten (Symrise, Holzminden, Germany). Steroid hormones
were purchased from Steraloids (Newport, RI). Odorants and
steroids assayed for potential activation of PSGR were tested in
at least five transfection experiments in HEK293 cells and
tested for activation of LNCaP cells afterward. All compounds
regarded as ligands led to clear Ca2� responses in several dif-
ferent imaging experiments (n � 7), whereas they did not elicit
any Ca2� signals in untransfected dishes. 200 �M ATP was
applied as the positive control at the end of each experiment in
HEK293 cells.
DNA and siRNA Constructs and Plasmids—Human PSGR

(NM-030774) was amplified from human genomic DNA by
PCR using specific primers that amplify the complete open
reading frame and contain EcoRI restriction sites for further
subcloning into pcDNA3 (Invitrogen); the generated plasmid
was verified by sequencing. PSGR targeted and scrambled hair-
pin siRNA designs were done with siRNA Target Designer,
Version 1.51 (Promega); oligonucleotides were synthesized by
Invitrogen and ligated into the pGeneClipTM hMGFP vector
(Promega) according to the manufacturer’s instructions. The
best working siRNA sequence of PSGR was GCTGCCTCC-
TGTCATCAAT; the oligonucleotide sequences to generate
5�-target-loop-reverse-complement-3� hairpins were 5�-
TCTCGCTGCCTCTGTCATCAATAAGTTCTCTATTG-
ATGACAGGAGGCAGCCT-3� and 5�-CTGCAGGCTGC-
CTCCTGTCATCAATAGAGAACTTATTGATGACAGG-
AGGCAGC-3�. The following scrambled versions of the
siRNA sequence was used as control: 5�-TCTCGTACACT-
GACCCCCTTTGTAAGTTCTCTACAAAGGGGGTCAG-
TGTACCT-3� and 5�-CTGCAGGTACACTGACCCCCTT-
TGTAGAGAACTTACAAAGGGGGTCAGTGTAC-3�.
Cell Proliferation—LNCaP cells and primary human prostate

epithelial cells were plated in 96-well plates at a density of 5 �
103 cells/well. After 24 h at 37 °C with 5% CO2, cells were
treated with different concentrations of �-ionone (50–250
�M), dihydrotestosterone (DHT, 10 nM), or with a mixture of
�-ionone (250 and 100 �M) and DHT (10 nM). Alternatively,
cells were simultaneously stimulated with �-ionone (250 �M)
and varying concentrations of inhibitors for p38 ((RS)-(4-[5-(4-
fluorophenyl)-2-methylsulfanyl-3H-imidazol-4-yl]pyridin-2-
yl)-(1phenylethyl) amine]), Calbiochem) and JNK (Anthra[1,9-
cd]pyrazol-6(2H)-one1,9-pyrazoloanthrone, Calbiochem).
Cell proliferation was investigated after 3 and 6 days using the
CyQUANT cell proliferation assay kit (Invitrogen).
RT-PCR—RNA of human olfactory epithelium, LNCaP and

human primary prostate cells was isolated with TRIzol reagent
(Invitrogen), digested with DNaseI (Fermentas), and purified
again with TRIzol before isolation of poly(A)� mRNA with
oligo(dT)-coated paramagnetic particles (Dynal). cDNA was
synthesized by using Moloney murine leukemia virus reverse
transcriptase (Invitrogen) and oligo(dT)12–18 primer. PCR was
performed with 2 ng of template cDNA and specific intron-span-
ning primer pairs for PSGR (forward, 5�-CCTCAGCCTT-
CTGAGTCAGC-3�; reverse, 5�-GAGACTGTGACAAGCCC-
TGG-3�), prostate-specific antigen (PSA), androgen receptor,
cytokeratin 8, and cytokeratin 18, respectively. The amplifica-
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tions were done for 35 cycles (1min,
94 °C; 1 min, 58 °C; 45 s, 72 °C).

RESULTS

Recombinant PSGR Responds to
Steroid Hormones—To investigate
the function of PSGR in prostate
tissue, we first had to identify a
ligand for this “orphan” G-pro-
tein-coupled receptor. We there-
fore transiently expressed PSGR in
HEK293 cells and determined its
ligand specificity by measuring the
cell responses to a mixture of
chemical stimuli using ratiofluori-
metric Ca2� imaging, similar to
the approach we used previously
to find stimuli for orphan GPCRs
(20, 22, 23). In this case, the com-
plex mixture used for ligand
screening included a mixture of
100 steroid hormones from differ-
ent structural classes (see supple-
mental materials). By subdividing
this mixture, we identified certain
steroids as active ligands (Fig. 1A).
1,4,6-Androstatriene-3,17-dione
(ADT) was tested at different con-
centrations for activation of PSGR
and found to function as a ligand
already in the low nanomolar range
(Fig. 1B). The presence of an alde-
hyde group at position 3, together
with at least two double bonds at
positions 4 and 6, which are present
in 6-dehydrotestosterone, 1,4,6-an-
drostatriene-3,17-dione, and 1,4,6-
androstatriene-17�-ol-3-one, were
key determinants for effective PSGR
ligands (Fig. 1C). Some modifica-
tions of the group at position 17 of
the steroid were tolerated, whereas
the absence of the double bonds at
position 6, e.g. in testosterone, abol-
ished the ability of the ligand to acti-
vate PSGR (Fig. 1C). Additional sin-
gle substances, which were tested
and found to be inactive, were
androstenedione, 4,16-androsta-
diene-3-one, 5�-androstan-3�,16�-
diol, etiocholanolone, 4-andro-
stene-3,6,17-trione, Fernholtz acid,
and 4-estren-3�-17�-diol. All ste-
roids were tested in a concentration
of 10 mM in untransfected HEK293
cells and did not elicit similar Ca2�

responses (Fig. 1, A, gray curves,
and F).

FIGURE 1. Heterologously expressed PSGR responds to steroid ligands and �-ionone. A, testing a steroid
library composed of 100 structurally diverse steroids for the activation of recombinant PSGR resulted in the
identification of the active substances 6-dehydrotestosterone, ADT, and 1,4,6-androstatriene-17�-ol-3-one (all
10 �M) in HEK293 cells. In randomly selected fields of view, the substances induced transient Ca2� signals in
PSGR-transfected HEK293 cells (black curves) but not in non-transfected HEK293 cells (gray curves); ATP (200
�M) served as a control. The integrated fluorescence ratio (F340/F380) for Fura-2-loaded cells is shown as a
function of time. Substances were applied for 5 s. B, ADT was tested at different concentrations for activation of
recombinant PSGR; the peak height of the Ca2� signal relative to the ATP (200 �M)-induced control signal is
displayed as a function of the applied concentration. C, different steroids containing double bonds at positions
6 and 4 and a keto group at position 3 were tested for activation of recombinant PSGR; the peak heights relative
to ATP are given (concentrations are 10 �M each). D, �-ionone was identified as an odorant ligand for PSGR
expressed in HEK293 cells; ATP (200 �M) served as a control. The integrated fluorescence ratio (F340/F380) for
Fura-2-loaded cells is shown as a function of time. Substances were applied for 5 s. E, �-ionone was tested at
different concentrations for activation of PSGR; the peak height of the Ca2� signal relative to the ATP (200
�M)-induced Ca2� signal is displayed as a function of the applied concentration. F, the response of recombi-
nantly expressed PSGR to �-ionone (50 �M) could be inhibited by the co-application of �-ionone (100 �M),
which was identified as specific inhibitor. The application of �-ionone (100 �M) alone did not cause a significant
calcium rise in PSGR-transfected HEK293 cells. The application of either �-ionone or �-ionone to non-trans-
fected (non-trans.) HEK293 cells did not cause an intracellular calcium increase. Shown are the numbers of
responding cells relative to the number of PSGR-transfected HEK293 cells responding to �-ionone (50 �M).
Error bars represent S.E., *, p � 0.05; **, p � 0.01.
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Because PSGR has clear sequence characteristics of an olfac-
tory receptor (OR51E2) and because ORs can typically be acti-
vated by multiple ligands with different receptor affinities, we
tested the transiently expressed PSGR in HEK293 cells with a
mixture of odorant stimuli using ratiofluorimetric Ca2� imag-
ing. This complex mixture includes 100 compounds, mainly
aromatic and short chain aliphatic hydrocarbons, which was
previously used to find stimuli for ORs (20, 22, 23). By subdi-
viding the mixture, we found �-ionone to be an active ligand in
this mixture (Fig. 1D). �-Ionone elicited receptor-induced
Ca2� responses at concentrations as low as �100 nM (Fig. 1E).
Other components of the same mixture were tested as single
substances and did not result in Ca2� signals in PSGR-express-
ing HEK293 cells. In untransfected HEK293 cells, �-ionone did
not induce Ca2� signals. We additionally discovered that the
response of recombinantly expressed PSGR to �-ionone can be

inhibited by the structurally related substance �-ionone, which
alone did not activate recombinantly expressed PSGR (Fig. 1E
and supplemental Fig. S1).
PSGR Activation in Prostate Cells—Next we investigated

whether PSGR is expressed in cultured prostate epithelial cells.
The prostate consists of glandular epithelium embedded in a
fibromuscular stroma. The epithelium is composed of two dif-
ferent layers, a basal layer that contains a stem cell-like popula-
tion and is responsible for the development of the epithelial
cells, and the secretory luminal layer, which is responsible for
the production of PSA and other parts of the seminal fluid (24).
The luminal layer consists of androgen-dependent cells, which
express low molecular mass cytokeratins (CKs), mostly CK8
andCK18, the androgen receptor (24), as well as PSGR (10).We
cultured human prostate epithelial cells from freshly collected
prostate tissue, obtained from a radical prostatectomy speci-

FIGURE 2. PSGR can be activated in primary prostate epithelial cells. To investigate PSGR signaling in primary prostate cancer epithelial cells, epithelial cell
culture was performed from prostatic tissue that was obtained from resections arising from prostate cancer (prostate cancer epithelial, PCE). To investigate
whether the cultured cells resemble differentiated secretory epithelial cells, we checked for expression of marker RNAs by RT-PCR. A, the cultured primary cells,
as well as the prostate cancer cell line LNCaP, express androgen receptor (AR), PSA, PSGR, and the cytokeratins 8 and 18, which are hallmarks of prostatic
secretory cells. Shown are a schematic representation of the intron spanning primers for PSGR detection and PCR control experiments with the isolated RNAs
(no reverse transcription, �RT). No amplification could be obtained from genomic DNA as control. PSGR transcripts could also be detected in human olfactory
epithelium (OE). The size of the PSGR amplificant was 1050 (cDNA) or �15,000 (genomic DNA). UTR, untranslated region; ORF, open reading frame. B, Western
blot showing expression of PSGR in LNCaP cells; untransfected HEK293 cells are shown as negative control. C, activation of LNCaP and PC-3 prostate cancer cells
lines to the identified PSGR ligand �-ionone. Shown are the amplitudes of the intracellular calcium signals caused by ligand application in the respective cell
lines. �-Ionone (500 �M) caused an increase in the calcium concentration of (PSGR-expressing) LNCaP cells, which could be reduced by the co-application of the
specific inhibitor �-ionone in a ratio of 2:1. The application of �-ionone (1.5 mM) alone did not cause a similar increase in the calcium concentration. The
application of �-ionone (500 �M) to PC-3 cells, which do not express PSGR, did not result in an intracellular calcium increase in these cells. The experiment was
performed three times, and n � 100 cells were analyzed for each ligand application (error bars represent S.E., ***, p � 0.001). D, phase-contrast picture of the
epithelial cell culture from prostate cancer tissue. E, primary prostate epithelial cells were investigated for activation by the identified PSGR ligands using Ca2�

imaging. �-Ionone- and ADT-induced Ca2� signals are displayed as a function of time. The ligands are applied from 100 s on for the entire duration of the
experiment (1000 s). F, responses of LNCaP cells to the PSGR ligand ADT and to ADT � flutamide, a well known antagonist for the classical androgen receptor,
were undistinguishable from each other, showing that the Ca2� signals do not originate from androgen receptor activation. Moreover, testosterone and
4-estren-3�-17�-diol, which did not activate recombinant PSGR, did not induce similar Ca2� signals in LNCaP cells. The experiment was performed three times,
and n � 100 cells were analyzed for each ligand application.
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men. Additionally, we tested the LNCaP cell line, which is
derived from a prostate cancer metastasis and was also shown
to express PSGR (10). RT-PCR analysis revealed that our pri-
mary culture, similar to the LNCaP cell line, showed expression
of the prostate epithelial cell markers CK8, CK18, PSA, and
androgen receptor (AR) (Fig. 2A). Moreover, both cell types
express PSGR (Fig. 2A), whereas another prostate cancer cell
line, PC-3, did not (supplemental Fig. S2). PSGR protein can be
detected in LNCaP prostate cells, but not in HEK293 cells as
negative control, by Western blotting (Fig. 2B).

LNCaP cells responded to the application of �-ionone with
an increase in the intracellular calcium concentration, which
could be inhibited by the simultaneous application of the spe-
cific inhibitor �-ionone; the application of �-ionone alone did
not cause an increase in the calcium concentration (Fig. 2C and
supplemental Fig. 2). The application of�-ionone didmoreover
not cause an increase in the intracellular calcium concentration
in PC-3 cells, which were shown not to express PSGR (Fig. 2C
and supplemental Fig. 2).

The primary cell culture displayed the typical morphology of
prostate epithelial cells (Fig. 2D). Applying the PSGR agonists
ADT and�-ionone to prostate cancer cells elicited a slow, grad-
ual increase in the intracellular Ca2� concentration (Fig. 2E),
similar to the Ca2� responses in the LNCaP cell line. Together,
these results show that PSGR is expressed in primary prostate
epithelial cells and can be activated by the identified ligands.
To ensure that the steroid-induced Ca2� rise is not influ-

enced or mediated by androgen receptor activation, we per-
formed Ca2� imaging in the presence of the classical androgen
receptor inhibitor flutamide, which did not change the ampli-
tude or the kinetics of the ADT-induced signal (Fig. 2F). More-
over, steroids that are well known to effectively activate the
androgen receptor, e.g. 4-estren-3�,17�-diol and DHT, but do
not activate the heterologously expressed PSGR, elicited no sig-
nificant Ca2� increases in LNCaP cells (Fig. 2F). ADT induced
increases in intracellular Ca2� already at concentrations in the
nanomolar range (supplemental Fig. S2E). All steroids that have
been identified as PSGR ligands in HEK293 cells were able to
induce an increase in the intracellular Ca2� concentration in
LNCaP cells, whereas androgens without double bonds at posi-
tion 6 or 4 (e.g. in testosterone) did not cause similar Ca2�

signals (Fig. 2F).
PSGR Mediates Non-genomic Steroid Actions in a Prostate

Cancer Cell Line—We next tried to prove that stimulation of
prostate cells with�-ionone andADTaffects intracellular Ca2�

homeostasis via activation of PSGR (Fig. 3). Applying the PSGR
agonist �-ionone to LNCaP cells elicited a slow, gradual
increase in the intracellular Ca2� concentration within 5–8
min. To confirm that the �-ionone-induced Ca2� increase was
due to PSGR activation, we reduced the expression level using a
plasmid for in vivo expression of short interfering RNAs. This
vector contains GFP as an internal fluorescent marker, which
enables the determination of the transfection efficiency and
facilitates recording of Ca2� responses specifically in the
siRNA-expressing cells. Immunohistochemical staining
revealed that siRNA-expressing cells did express lower levels of
PSGR (Fig. 3A). �-Ionone-induced Ca2� signals in siRNA-ex-
pressing LNCaP cells were then compared with the Ca2�

FIGURE 3. PSGR-dependent induction of Ca2� signals in LNCaP cells by
ADT and �-ionone. LNCaP cells were transfected with a plasmid encoding
siRNA directed against PSGR. Because the plasmid also codes for GFP, siRNA-
expressing cells can be detected via GFP fluorescence. A, immunohistochem-
ical staining against PSGR showed that siRNA-expressing cells have a reduced
PSGR expression level. The cells were then investigated for activation by the
identified PSGR ligands using Ca2� imaging. B, fluorescence pictures of Fura-
2-loaded LNCaP cells transfected with the PSGR-siRNA/GFP-encoding plas-
mid. GFP-expressing cells (turquoise and orange stars) show no change in the
Fura-2-ratio after the application of the PSGR ligand �-ionone, whereas non-
transfected cells (blue and pink stars) do. C, �-ionone-induced Ca2� signals in
transfected (turquoise and orange stars) and non-transfected (blue and pink stars)
LNCaP cells, displayed as a function of time. The ligand is applied from 100 s on for
the entire duration of the experiment (1000 s). The relative signal strength of the
Ca2� signals in siRNA-transfected and non-transfected cells was quantified,
showing an 80% decrease of the signal after expression of PSGR-siRNA (data are
the mean from four independent transfections, n � 22 siRNA-expressing cells,
n � 186 control (contr) cells). Error bars represent S.E. D, fluorescence pictures of
Fura-2-loaded LNCaP cells transfected with the PSGR-siRNA/GFP-encoding plas-
mid. GFP-expressing cells (turquoise and orange stars) show no change in the
Fura-2 ratio after the application of the PSGR ligand ADT, whereas non-trans-
fected cells (blue and pink stars) do. E, ADT-induced Ca2� signals in transfected
(turquoise and orange stars) and non-transfected (blue and pink stars) LNCaP cells,
displayed as a function of time. The ligand is applied from 100 s on for the entire
duration of the experiment (1000 s). Quantification of ADT-induced Ca2� signals
in PSGR-siRNA-transfected LNCaP cells was done as described for �-ionone (data
are the mean from four independent experiments, n �26 siRNA-expressing cells,
n � 201 control cells). Error bars represent S.E.
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increase in neighboring cells not expressing GFP (Fig. 3, B and
C). Quantification of the Ca2� signals revealed that siRNA
expression strongly (�80%) reduced the �-ionone-mediated
Ca2� increase (Fig. 3C). The responses from the control cells
varied in strength but had on average significantly higher
amplitudes than in siRNA-expressing (GFP-labeled) cells.
Expression of GFP alone did not alter the �-ionone-induced
Ca2� increase, nor did the expression of scrambled control
siRNA (data not shown). Similarly, ADT also induced a PSGR-
dependent Ca2� increase in LNCaP cells, already in the nano-
molar range (Fig. 3, D and E).
Effect of�-Ionone Proliferation of Prostate Cells—Toexamine

the effect of PSGR signaling in prostate cells, we treated the
LNCaP and PC-3 cell lines and the primary prostate cells with
250 �M �-ionone for 72 and 144 h, which resulted in a signifi-
cant reduction of cell proliferation in all tested PSGR-express-
ing prostate cells, with amaximal inhibition at 144 h (�50%) for
the LNCaP cell line (Fig. 4, A and C). Moreover, the prolifera-
tive effect of DHT could be suppressed in LNCaP or primary
cells by �-ionone treatment (Fig. 4, A and C). Similar effects
were observed when stimulating the cells with ADT or 6-de-
hydrostestosterone (supplemental Fig. S3). The substances
did not influence proliferation rates of HEK293 cells or pros-
tate cancer cells not expressing PSGR (Fig. 4B). Moreover,
the antiproliferative effects of �-ionone on LNCaP cells
could be reversed by the co-application of the specific inhib-
itor �-ionone (Fig. 4D).
To elucidate the intracellular effectors of �-ionone signaling

in LNCaP cells, we studied the phosphorylation of members of
the MAP kinase family, which are known to be involved in the
regulation of cell cycle and apoptosis in prostate cells. LNCaP
cells showed no modulation of the extracellular stress-regu-
lated kinase (ERK1/2) pathway after ligand exposure (data not
shown) but showed a marked increase in phosphorylation of
p38 and SAPK/JNKwithin 5–10min, which remained elevated
up to 30 min of continued ligand exposure (Fig. 4E).
Treatment of LNCaP cells with inhibitors of p38 and SAPK/

JNK kinases simultaneously to stimulation with �-ionone abol-
ished the effect of �-ionone on cell proliferation (Fig. 4F). The
p38 MAPK inhibitor reversed the �-ionone-induced prolifera-
tion effect at concentrations near the half-maximal inhibitory
concentration (used concentration, 0.5 �M; IC50, 0.38 �M);
whereas only relatively high concentrations of the SAPK/
JNK inhibitor (used concentration, 1 �M; IC50, 40 nM for
JNK-1/2 and 90 nM for JNK3) were effective, lower concen-
trations had only partial effects (data not shown). The inhib-
itors did not influence cell proliferation of non-stimulated
LNCaP cells at the concentrations used (Fig. 4F).

DISCUSSION

Wedeorphanized the PSGR and identified steroid hormones
and the odorant �-ionone as ligands. Moreover, we identified
�-ionone as specific inhibitor for the receptor. PSGR is there-
fore a novel membrane receptor for rapid, non-genomic effects
of steroids on intracellular signaling cascades. Rapid, non-
genomic, steroid actions have already been identified both in
cells bearing intracellular steroid receptors and in those with-
out. With the exception of progesterone and estradiol, for

which GPCRs had been identified as receptors, considerable
controversy exists about the identity of the receptor proteins
that mediate these responses (25). In the present study, we
show the existence of another G-protein-coupled membrane
steroid receptor, which belongs to the superfamily of odorant
receptors. According to the Mannheim Criteria (26), non-
genomic responses to steroids must be observed within min-
utes, at low steroid concentrations, should not be affected by
inhibitors of transcription or translation, and should be present
in the presence of antagonists for the classic receptors. All of
these criteria hold true for the activation of PSGR in LNCaP
cells by the androstenone derivatives thatwe identified as PSGR
ligands.

FIGURE 4. Activation of PSGR in LNCaP and primary prostate epithelial
cells reduces cell proliferation via MAPK signaling. A, proliferation of
LNCaP cells after the application of DHT, a well known inducer of prostate cell
proliferation, �-ionone (I), and a mixture of DHT and �-ionone for 3 and 6
days, relative to control conditions. �-Ionone slowed cell proliferation and
could even reduce the DHT-stimulated increased proliferation rates. C, con-
trol cells. B, proliferation of PC-3 cells, which do not express PSGR, was not
affected by the application of the same concentration of �-ionone. C, the
same experiments as for the LNCaP cells were performed with primary pros-
tate cancer epithelial (PCE) cells. D, the effect of 250 �M �-ionone on cell
proliferation of LNCaP cells could be reversed by the co-application of �-io-
none in ratios of 1:1 to 4:1. E, Western blot analysis showing that PSGR
stimulation results in a time-dependent phosphorylation of SAPK/JNK and
p38 MAPKs in LNCaP cells. Detection of the total amounts of SAP/JNK and
p38 is shown as controls. F, inhibition of p38 and SAPK/JNK MAPKs abol-
ished the effect of �-ionone on LNCaP cell proliferation. The inhibitors
were applied together with �-ionone (I�p38; I�JNK) or without �-ionone
(p38, JNK) for 6 days, and cell proliferation rates were measured. Control
cells and �-ionone-exposed cells were treated with equal concentrations
of DMSO as used for the inhibitors (error bars represent S.E., *, p � 0.05; **,
p � 0.01). rel. fluorescence, relative fluorescence.
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One of the steroid ligands we identified as a PSGR ligand is
6-dehydrotestosterone, which can be made endogenously by
conversion of testosterone. Testosterone is produced by Leydig
cells of the testes and is the major androgen in most mamma-
lian species. Androgen metabolites can make up a significant
fraction of circulating steroids. Testosterone metabolism and
conversion to DHT is known to amplify the testosterone action
on androgen receptors. Testosterone was shown to be con-
verted to 6-dehydrotestosterone by a cytochrome P-450
belonging to the CYP3A family (27, 28). The organ that
expresses the highest levels of cytochrome P-450 is the liver,
which plays the dominant role in steroid hormonemetabolism.
6-Dehydrotestoste-rone binds the steroid binding domain of
rat androgen-binding protein, indicating that it might have
physiological relevance (29). The other steroid structures that
we identified, solely based on similarity to �-ionone and 6-de-
hydrotestoste-rone, are not known to occur in the human body
as major metabolites. ADT is known to function as an aro-
matase (CYP19) inhibitor preventing the aromatization of
androgens to estrogens and is used in pharmaceutical treat-
ments of cancer, including cancer of the prostate (30).
Based on sequence comparison, PSGR clearly belongs to the

superfamily of odorant receptors. In general, ORs allow the
recognition of a wide range of odorants in the olfactory sensory
neurons of the nose (31). Recently, another human OR was
identified as a steroid receptor, detecting the steroid hormones
androstenone and androstadienone in a recombinant expres-
sion system (16). Although activation of the endogenous recep-
tor by steroid hormones was not investigated, it is very likely
that this receptor also initiates rapid steroid actions because
genetic variation in the receptor gene alters the perception of
the respective steroids by the sense of smell, and therefore, may
initiate the classical OR G-protein-mediated signaling cascade
in the sensory neurons (16).
Despite the fact that ORs were found to be ectopically

expressed in different non-olfactory tissues (17, 18, 32, 33),
uncertainties exist about the possible functions of these ectopic
receptors due to the generally low amounts of the transcripts.
Functional expression could only be shown for human OR17-4
(OR1D2) (20) and mouseMOR267-13 (19), which are involved
in sperm chemotaxis. Here, we show that PSGR, clearly belong-
ing to the OR superfamily (OR51E2), can be activated by
recombinantly identified specific receptor ligands in prostate
cells. Moreover, PSGR transcripts could also be detected in
human olfactory epithelium, indicative of the dual role of this
receptor also in the olfactory system.Our data give new support
for the hypothesis that at least some ectopically expressed ORs
may have additional functions and demonstrate a role for
OR51E2/PSGR in cancerogenesis.
Pertinent to its sequence similarity to odorant receptors,

PSGR can be activated by the odorant ligand�-ionone, having a
characteristic odor of violet. �-Ionone is an isoprenoid widely
found in plants and plant products as a degradation product of
carotenoids (34). Generally, plant isoprenoids have been sug-
gested to inhibit cancer growth and development through inhi-
bition of hydroxymethylglutaryl-CoA reductase activity (35,
36), but the isoprenoids �-ionone and geraniol have been
shown to inhibit mammary carcinogenesis by a so far unknown

mechanism that is not causally related to hydroxymethylglu-
taryl-CoA reductase activity (37). The antiproliferative and cell
cycle regulatory effects of �-ionone and geraniol are therefore
caused by another, so far unknownmechanism.With the detec-
tion of a �-ionone responsive OR in prostate epithelial cells, we
identify here a new way by which �-ionone, and possibly other
isoprenoids, can influence growth of tumor cells.
In the present study, we show that PSGR is a G-protein-

coupled membrane steroid receptor in prostate cells. PSGR
belongs to the superfamily of ORs and thereby constitutes a
new example for the functionality of at least some ectopic ORs.
In addition, we found that major intracellular signaling cas-
cades involved in cell survival are activated by PSGR, which
might possibly be used in the future as a therapeutic target in
prostate cancer control strategies.
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